Activation of AMPK attenuates neutrophil proinflammatory activity and decreases the severity of acute lung injury.
AMP-ACTIVATED PROTEIN KINASE (AMPK) is a serine/threonine protein kinase consisting of three heterogenic subunits, a catalytic ␣-subunit as well as regulatory ␤-and ␥-subunits that directly bind AMP (9, 24, 44, 52) . AMPK activation is initiated by alterations in cellular metabolic status that result from inhibition of ATP generation, such as hypoxia, glucose deprivation, heat shock, or reduction in mitochondrial oxidative phosphorylation, or from increased ATP consumption, such as occurs during exercise or with increased cellular metabolism (15, 24, 56, 61) . AMPK participates in the activation of ATP-generating pathways involving uptake and oxidation of glucose and fatty acids and inhibits intracellular events that consume ATP and are not essential for the short-term survival of the cell (22, 23, 27, 42, 55) . Although AMPK was initially shown to be involved in regulation of fatty acid and cholesterol synthesis (14) , there is recent evidence that AMPK participates in modulating acute inflammatory reactions. For example, activation of AMPK is associated with diminished nuclear translocation of NF-B in TNF-␣-stimulated endothelial cells (50) .
Neutrophils play a central role in innate immune and inflammatory responses (7, 49) . Although neutrophils have beneficial actions in eradicating microbial infections, excessive neutrophil activation, with resultant release of cytokines and other proinflammatory mediators, results in tissue injury and contributes to the development of organ dysfunction, such as acute lung injury (ALI) (2, 19, 37, 47) . Although AMPK is present in neutrophils and has been shown to be involved in modulating respiratory burst (6) , there is little additional information concerning the roles that AMPK may play in acute inflammatory processes, such as ALI, in which neutrophils play a major role.
In the present study, we examined the role that AMPK occupies in modulating Toll-like receptor 4 (TLR4)-induced activation of neutrophils and the development of ALI. We found that AMPK activation inhibited cytokine production, IB␣ degradation, and nuclear translocation of NF-B in LPS-stimulated neutrophils. Enhanced activation of AMPK also resulted in diminished severity of LPS-induced ALI in mice.
MATERIALS AND METHODS
Mice. Male C57BL/6 mice (age 8 -12 wk; The Jackson Laboratory, Bar Harbor, ME) were kept on a 12:12-h light-dark cycle with free access to chow and water. All experiments were conducted in accordance with institutional review board-approved protocols.
Materials. RPMI 1640, L-glutamine, penicillin-streptomycin, barberine, and Escherichia coli 0111:B4 endotoxin (LPS) were obtained from Sigma-Aldrich (St. Louis, MO). FBS was purchased from Atlanta Biologicals (Norcross, GA). 5-Aminoimidazole-4-carboxamide-1-␤-D-ribofuranoside (AICAR) was purchased from Toronto Research Chemicals (Toronto, Canada). Antibodies against phosphorylated-AMPK-␣ (Thr 172 ), phosphorylated acetyl-CoA carboxylase (ACC) (Ser 79 ), AMPK-␣ (Thr 172 ), ACC (Ser 79 ), and IB␣ were purchased from Cell Signaling Technology (Beverly, MA), whereas anti-actin antibody was from Sigma-Aldrich. Goat anti-rabbit IgG horseradish peroxidase (HRP) conjugate was obtained from Bio-Rad. Custom antibody mixtures and negative selection columns for neutrophil isolation were purchased from Stemcell Technologies (Van-couver, British Columbia, Canada). Cytokine ELISA kits were obtained from R&D Systems (Minneapolis, MN).
Neutrophil isolation and culture. Bone marrow neutrophils were isolated as previously described (53, 63) . Neutrophil purity was consistently Ͼ97%, as determined by Wright-Giemsa-stained cytospin preparations. Neutrophils were cultured in RPMI 1640 medium containing 0.5% FBS and treated as indicated in the figure legends. Neutrophil viability under experimental conditions was determined using trypan blue staining and was consistently Ͼ99%.
Nuclear extract purification. Purification of nuclei was performed as previously described (38, 63) . Briefly, bone marrow neutrophils (4 ϫ 10 6 ) were collected in PBS and centrifuged. The cell pellet was resuspended with 50 l of hypotonic buffer [Tris, pH 7.5 (10 mM), NaCl (10 mM), MgCl 2 (3 mM), Nonidet P-40 (0.05%), EGTA (1 mM), and protease/phosphatase inhibitors] and then centrifuged (2,700 g) for 5 min at 4°C. The nuclei were lysed in 50 l of Nonidet P-40 lysis buffer [Tris, pH 7.5 (50 mM), NaCl (137 mM), Nonidet P-40 (0.1%), EDTA (2 mM), and protease/phosphatase inhibitors]. After 1-h incubation on ice, enriched nuclei fractions were collected by centrifugation (10,000 g) for 20 min at 4°C.
Western blot analysis. Western blot analysis was performed as previously described (53, 63) . In brief, samples obtained from neutrophils or lung homogenates were mixed with Laemmli sample buffer and boiled for 5 min. Equal amounts of protein were resolved by 8 -10% SDS-PAGE and transferred onto polyvinylidene difluoride membranes (Immobilon-P; Millipore, Billerica, MA). The membranes were probed with specific antibodies to IB␣, phospho-AMPK␣, phospho-ACC, AMPK␣, ACC, or actin, followed by detection with HRPconjugated goat anti-rabbit IgG. Bands were visualized by enhanced chemiluminescence (ECL Plus, Amersham) and quantified by using AlphaEase FC software (Alpha Innotech, San Leandro, CA). Each experiment was carried out three or more times using cell populations or lung homogenates obtained from separate groups of mice.
EMSA. Nuclear extracts were obtained from bone marrow neutrophils treated with AICAR with or without inclusion of LPS in the cultures, and EMSA were performed as reported previously (45, 53, 60) . In brief, the B DNA sequence of the Ig gene was used. Synthetic double-stranded sequences (with enhancer motifs underlined) were filled in and labeled with [ ALI model. ALI was induced by intratracheal administration of 1 mg/kg LPS in 50 l of PBS. With this model, ALI, as characterized by neutrophil infiltration into the lung interstitium and airways, development of interstitial edema, and increased pulmonary proinflammatory cytokine production, occurs after injection of LPS, with the greatest degree of injury being present 24 h after LPS exposure (4, 8, 41) . Briefly, mice were anesthetized with isoflurane. The tongue was then gently extended, and the LPS solution was deposited into the pharynx (53) . For the AICAR or vehicle pretreatment groups, mice were injected intraperitoneally with either 100 l of 0.9% saline (controls) or AICAR (500 mg/kg body wt ip) dissolved in 0.9% saline 4 h before intratracheal administration of LPS. There were no deaths associated with AICAR and/or LPS administration.
Harvest of lungs and bronchoalveolar lavage. Lungs were harvested 24 h after LPS administration. As described previously (53) , bronchoalveolar lavage (BAL) was obtained by cannulating the trachea with a blunt 20-gauge needle and then lavaging the lungs three times with 1 ml of ice-cold PBS. Total cell counts were measured in the BAL fluid with a hemocytometer (Hausser Scientific).
BAL fluid samples were centrifuged onto glass slides at 500 rpm for 5 min using a Shandon Cytospin 4 (Thermo Fisher Scientific, Kalamazoo, MI). The slides were fixed and stained with Hema-3 stain (Thermo Fisher Scientific), and the number of total cells and neutrophils were counted.
Wet-to-dry lung weight ratios. Wet-to-dry ratios were determined as reported previously (4) . In brief, lungs were excised, rinsed with PBS, blotted, and then weighed for the "wet" weight. Lungs were then dried in an oven for 7 days at 80°C, and the "dry" weight was measured.
MPO assay. MPO activity was quantified as reported previously with minor modifications (18, 53) . In brief, lung homogenates collected in 1 ml of potassium phosphate buffer (50 mM), pH 6.0, and N-ethylmaleimide (10 mM) were centrifuged at 12,000 g for 30 min at 4°C. The pellet was then washed twice and sonicated on ice for 90 s in hexadecyltrimethylammonium bromide (HTAB) buffer [HTAB (0.5%), potassium phosphate, pH 6.0 (50 mM)]. The samples were incubated in a water bath for 2 h at 56°C and then centrifuged (12,000 g) for 10 min. The supernatants were collected for assay of MPO activity by measuring the H 2O2-dependent oxidation of 3,3Ј-dimethoxybenzidine dihydrochloride ( ϭ 460 nm).
Cytokine ELISA. ELISA were used to measure cytokines in BAL fluid or in cell culture supernatants from LPS-treated neutrophils as previously described (53) . Levels of TNF-␣ and IL-6 were determined using commercial available ELISA kits (R&D Systems) according to the manufacturer's instructions.
Statistical analyses. For each experiment, neutrophils were isolated and pooled from groups of mice (n ϭ 3-6) and all conditions were studied at the same time. In studies examining LPS-induced ALI, each experimental group consisted of at least 6 mice. One-way ANOVA, the Tukey-Kramer multiple comparisons test (for multiple groups), or Student's t-test (for comparisons between 2 groups) were used. P Ͻ 0.05 was considered to be statistically significant.
RESULTS

AICAR activates AMPK in bone marrow neutrophils.
AICAR is a cell permeable compound that has been shown to activate AMPK in various cell populations, including human neutrophils (6, 12, 32) . To confirm the ability of AICAR to activate AMPK in murine neutrophils, we determined AMPK Thr 172 phosphorylation in bone marrow neutrophils incubated with increasing doses of AICAR. In addition to assessing AMPK Thr 172 phosphorylation, AMPK activation was also confirmed by determining the levels of Ser 79 phosphorylated ACC, a downstream target of AMPK.
As shown in Fig. 1 , A-C, treatment of neutrophils with AICAR dose-dependently increased AMPK and ACC phosphorylation, an effect that reached maximal levels with the highest concentration (1 mM) of AICAR. AICAR-induced phosphorylation of AMPK and ACC was rapid, beginning within 15 min after addition of AICAR to neutrophil cultures, and reached maximum levels after 60 min (Fig. 1, D-F) . LPS treatment did not affect AICAR-induced phosphorylation of AMPK or ACC (data not shown).
AMPK activation inhibits LPS-induced NF-B activation and cytokine production. To investigate the effects of AMPK activation on LPS-induced cytokine production by neutrophils, cells were cultured with a range of AICAR concentrations (0.1 to 1 mM) for 1 h, followed by treatment with LPS (100 ng/ml) for 4 h. As shown in Fig. 2, A and B, significant increases in TNF-␣ and IL-6 secretion, to 900 pg/ml or greater, were produced by exposure of neutrophils to LPS. Production of both cytokines by LPS-stimulated neutrophils was decreased in a dose-dependent manner by AICAR.
To investigate if the inhibitory effects of AMPK activation on proinflammatory cytokine production might occur through altering NF-B activation, nuclear translocation of NF-B was determined in LPS-stimulated neutrophils cultured with or without AICAR. As shown in Fig. 3A , nuclear accumulation of NF-B was increased in LPS-stimulated neutrophils but was markedly attenuated when the cells were pretreated with AICAR.
NF-B exists as a p65/p50 heterodimer and is retained in cytoplasm through association with IB␣ (1, 3, 46) . Phosphor- Fig. 2 . AICAR inhibits LPS-induced TNF-␣ and IL-6 production by neutrophils. Cells were treated with the indicated doses of AICAR for 1 h followed by LPS (0 or 100 ng/ml) for 4 h. Levels of TNF-␣ (A) and IL-6 (B) in the culture supernatants were determined using ELISA assays. Values are expressed as means Ϯ SE using results from 3 independent experiments. ***P Ͻ 0.001 compared with LPS-treated cells. ylation of IB␣ by the upstream kinase IKK, with subsequent ubiquitination and proteasomal degradation of IB␣, leads to exposure of the nuclear localization sequence in NF-B and translocation of NF-B to the nucleus (11, 20) . To determine whether the inhibition of LPS-induced NF-B nuclear translocation by AICAR was due to effects on IB␣ degradation, we examined levels of IB␣ in AICAR-treated neutrophils. As shown in Fig. 3 , B and C, degradation of IB␣ produced by neutrophil exposure to LPS was prevented by AICAR pretreatment.
Although the primary role of AICAR is in activating AMPK, AICAR has been reported to affect additional intracellular signaling pathways, such as phosphatidylinositol 3-kinase and Akt (29) . Therefore, to confirm that AMPK activation has inhibitory effects on neutrophil activation, we treated LPSstimulated neutrophils with barberine, which activates AMPK through inhibiting mitochondrial respiratory complex I (54).
As shown in Fig. 4A , barberine dose-dependently decreased LPS-induced cytokine production by neutrophils. As previously reported in other cell types (36, 54) , barberine activated AMPK in neutrophils (Fig. 4B) . Similar to the effects of AICAR, pretreatment of neutrophils with barberine (3 or 10 M) inhibited IB␣ degradation in LPS-stimulated neutrophils (Fig. 4B) .
Effects of AMPK activation on the severity of LPS-induced ALI. Activated neutrophils that accumulate in the lungs and that produce cytokines and other proinflammatory mediators play a central role in the pathogenesis of LPS-induced ALI (2, 5, 60). To determine if AMPK activation modulates LPSinduced proinflammatory response in vivo, mice were injected with saline or saline containing AICAR (500 mg/kg ip) 4 h before intratracheal administration of LPS, and then parameters of lung injury were determined 24 h after LPS exposure.
Significant increases in Ser 79 phosphorylated ACC, a major downstream target of activated AMPK (24, 57, 59) , were consistently present in lung homogenates from AICAR-treated mice (Fig. 5A) . Phosphorylation of ACC was significantly increased 4 and 10 h after AICAR administration. The effects of AICAR on AMPK activation, as determined by phosphorylation of ACC, had largely dissipated by 28 h after its administration (Fig. 5) .
The severity of LPS-induced lung injury was reduced in AICAR-treated mice, as shown by significantly decreased wet-to-dry ratios, a measure of interstitial pulmonary edema (Fig. 6A) . Neutrophil accumulation into the lung parenchyma after LPS administration was also reduced by AICAR pretreatment (Fig. 6B) . LPS instillation resulted in increased numbers of total cells and neutrophils in BAL (Fig. 6C) , and these effects were diminished by AICAR administration. AICAR pretreatment also significantly attenuated LPS-induced increases in bronchoalveolar concentrations of TNF-␣ and IL-6 (Fig. 7) . AICAR alone did not affect wet-to-dry ratio or pulmonary MPO levels and had no effect on total cell or neutrophil counts or cytokine concentrations in BAL fluid (data not shown). 
DISCUSSION
In the present study, we found that activation of AMPK inhibits LPS-induced proinflammatory responses in murine neutrophils and also diminishes the severity of ALI, an inflammatory process in which neutrophils play an important role (51, 60) . AMPK activation in LPS-treated neutrophils was associated with decreased degradation of IB␣ and diminished nuclear translocation of NF-B as well as reduced release of TNF-␣ and IL-6. Such results indicate that the inhibitory effects of AMPK on TLR4-induced neutrophil activation are likely to be through events upstream of IB␣ degradation, including activation of IKK or more proximal TLR4-associated kinases such as IL-1 receptor-associated kinase-1 (IRAK-1).
Our results demonstrate that treatment of murine neutrophils with AICAR or barberine produces significant increases in phosphorylation of Thr 172 in the AMPK ␣-subunit. Although the effects of AICAR or barberine on AMPK activation in murine neutrophils have not previously been described, the ability of AICAR and barberine to activate AMPK is consistent with results from previous studies in other cell populations, including human neutrophils (6) . In the intracellular milieu, AICAR is phosphorylated to AICA riboside monophosphate (ZMP), which binds to and activates AMPK by mimicking effects of AMP. Binding of ZMP to AMPK produces allosteric alterations in AMPK, making the enzyme a better substrate for the upstream serine/threonine kinase 11 (STK11, also called LKB1) (21, 31) . Barberine activates AMPK through inhibiting mitochondrial complex I (54), a different mechanism than is involved with AICAR-induced phosphorylation of AMPK.
Anti-inflammatory effects of AMPK activation have been previously reported in nonmyeloid cell populations (17, 29, 35) . In murine models of experimental autoimmune encephalomyelitis (39) and asthma (34) , AICAR treatment reduced proinflammatory cytokine production and decreased histological alterations associated with inflammatory injury. In additional studies, antidiabetic drugs of the biguanide class, such as metformin, were used to activate AMPK and decreased NF-B activation and cytokine release in vascular endothelial cells (25, 28) . Biguanides activate AMPK through mechanisms that differ from those used by AICAR. In particular, whereas metformin produces activation of AMPK through inhibiting mitochondrial complex I activity, in a manner similar to barberine, and increasing mitochondrial production of reactive oxygen species (10, 33, 62) , AICAR does not affect mitochondrial function (52, 58) .
In the present study, AICAR and barberine significantly enhanced AMPK activity, as shown by phosphorylation of the downstream target ACC, and also increased the levels of phosphorylated AMPK in mouse bone marrow neutrophils. These findings are in contrast to reports indicating that AICAR had no effects on AMPK activation in RAW 264.7 macrophages (29, 35) but are consistent with previous reports that AICAR can increase AMPK activity in human peripheral blood neutrophils (6) . Such results indicate that the ability of AICAR to activate AMPK, and presumably to exert antiinflammatory actions, is cell population specific.
To understand the molecular mechanisms underlying the anti-inflammatory effects of AMPK activation, we studied the ability of AICAR and barberine to modify LPS-induced activation of NF-B and degradation of IB␣. We found that AICAR and barberine alone had no effects on nuclear accumulation of NF-B in resting neutrophils. In contrast, AICAR as well as barberine inhibited LPS-induced degradation of IB␣ and also decreased nuclear translocation of NF-B, consistent with previous reports that AICAR can inhibit LPSinduced NF-B activation and the expression of NF-B-dependent genes, such as TNF-␣ and inducible nitric oxide synthase (35, 48) .
Administration of AICAR to mice resulted in activation of AMPK in the lungs and diminished severity of LPS-induced ALI. These results are consistent with previous reports that AICAR is able to reduce lung injury in a model of hemorrhagic shock (13). Neutrophils play a major role in the early development of TLR2, TLR4, or hemorrhage-induced ALI, as shown by diminished severity of pulmonary injury after the induction of neutropenia (5, 26, 43) . Therefore, it is likely that the beneficial effects of AMPK activation on the severity of LPS-induced ALI, as well as ALI associated with hemorrhage, result from diminished release of proinflammatory mediators by neutrophils, consistent with our in vitro results. In addition to modifying TLR4-induced neutrophil activation, systemic administration of AICAR is likely to affect additional pulmonary and extrapulmonary cell populations, including endothelial and epithelial cells, which contribute to the severity of ALI. Fig. 5 . Effects of AICAR on ACC phosphorylation in vivo. Mice were injected intraperitoneally with saline or AICAR (500 mg/kg) in saline 4 h before intratracheal PBS or PBS with LPS (1 mg/kg) administration. Lung homogenates were collected in mice treated with AICAR or saline 4 h previously or 6 or 24 h after LPS treatment, and samples were subjected to Western blot analysis using anti-phosphorylated-ACC (Ser 79 ) and anti-total ACC specific antibodies. A: representative Western blots. B: quantitative densitometry of p-ACC/ACC ratios (means Ϯ SE) with n ϭ 3 mice/group. **P Ͻ 0.01 comparing control (LPS/PBS) to LPS/AICAR-treated mice. Fig. 6 . AICAR attenuates LPS-induced acute lung injury in vivo. Mice were treated intratracheally with either PBS or PBS with LPS (1 mg/kg) or were given intraperitoneal saline or saline with AICAR (500 mg/kg) followed 4 h later with either PBS or PBS with LPS (1 mg/kg) intratracheally. Lungs and bronchoalveolar lavage (BAL) were obtained 24 h after LPS administration. A: effects of AICAR treatment on LPS-induced increase in lung wet-to-dry ratios. B: lung MPO levels. C: number of total white cells and neutrophils in BAL fluid. Means Ϯ SE are shown using results from n ϭ 6 mice per group; *P Ͻ 0.05 or **P Ͻ 0.01 when comparing AICAR/ LPS to mice treated with LPS alone. Fig. 7 . AICAR decreases LPS-induced pulmonary cytokine levels in vivo. BAL levels of TNF-␣ (A) and IL-6 (B). BAL fluid was obtained 24 h after LPS administration in mice treated intraperitoneally with either saline or saline with AICAR (500 mg/kg) 4 h before intratracheal LPS. Means Ϯ SE are shown. n ϭ 6 mice in each group; *P Ͻ 0.05 and **P Ͻ 0.01 comparing the AICAR/LPS group to mice treated with PBS/LPS.
In particular, previous studies in each of these cell populations found that AMPK activation was anti-inflammatory (16, 40, 64) .
The present results, showing that AICAR or barberine treatment reduced TLR4-induced activation of isolated neutrophils and that AICAR administration diminished pulmonary injury after exposure to LPS, are consistent with previous studies demonstrating that AMPK activation has potent anti-inflammatory effects (13, 25, 28) . These findings suggest that modulation of AMPK activation may be an appropriate pharmacological target in the treatment of ALI as well as other neutrophil-driven acute inflammatory processes.
